Introduction {#Sec1}
============

Anatomically precise three-dimensional (3D) glenohumeral joint kinematics are essential for understanding detailed glenohumeral joint function. Glenohumeral articulation is a 3D movement between an ellipsoidal humeral head and a concave glenoid. In addition, the articulation is an asymmetric surface gliding mechanism.[@CR1],[@CR2],[@CR15] The current biomechanical methods for assessing glenohumeral joint kinematics focus on simple motions such as joint translation and range of motion without detailed 3D asymmetric anatomy consideration. Most current techniques are highly effective for studying *in vivo* shoulder kinematics but are not capable of addressing the complex asymmetric changes in the kinematics of the glenohumeral joint.

The current International Society of Biomechanics (ISB) recommendation provides a definition for the scapula coordinate system (CS) including the acromion and the coracoid rather than a definition for the glenoid CS.[@CR24] This is highly effective for studying *in vivo* shoulder kinematics; however, it is not possible to use the current ISB recommendation to accurately quantify anatomically relevant glenohumeral joint kinematics because it does not define a specific glenoid CS that is crucial for assessing the humeral movement with respect to the glenoid. The ISB recommendation is to encourage communication among researchers, clinicians, and all other interested parties.[@CR24] In the ISB recommendation, the glenohumeral kinematic center is proposed to be used as a common landmark for the scapula and humerus CSs 'since the glenohumeral joint resembles a ball-and-socket joint.'[@CR24] However, due to the complex asymmetric articulation between the humerus and the glenoid the glenohumeral joint does not behave as a simple ball-and-socket joint. Also, the kinematic rotation center is only able to be determined when a series of humeral rotational motion data are provided and as stated in the ISB recommendation the determination of this center can only be a 'rough estimate.' Due to the lack of clear landmark determination protocol, the current ISB recommendation is not able to reveal the influence of the asymmetric anatomy on the glenohumeral joint.[@CR8],[@CR27] The objective of this study was to devise an anatomically relevant specimen specific 3D glenohumeral joint kinematic method for quantifying asymmetric glenohumeral joint kinematics.[@CR8], [@CR26]--[@CR28] This study proposes an anatomically relevant specimen-specific 3D glenohumeral joint kinematic method as a new standard definition protocol for the glenohumeral CSs.

Methods {#Sec2}
=======

Experimental Design {#Sec3}
-------------------

The experiment for quantifying anatomically based glenohumeral joint kinematics can be divided into three processes: (1) *in situ* movement data collection of extra-capsular CSs, (2) construction of intra-articular CSs and an extra-capsular humeral shaft coordinate system (HSCS), and (3) calculation of glenohumeral kinematics (Fig. [1](#Fig1){ref-type="fig"}). All data and CSs were referred to a local CS. The local CS was defined at the start of the experiment and was used as a reference system throughout the experiment.FIGURE 1A flowchart showing the experimental design

For *in situ* kinematic data collection, extra-capsular landmarks were assigned on the surfaces of the coracoacromial complex and the proximal humerus so that they could be digitized without violating the glenohumeral capsule. For digitizing, six small crosshead screws were inserted, three on the scapula and three on the humerus. Using these anatomic landmarks, two extra-articular CSs were defined: the coracoacromial coordinate system (CS1:CACS) and the proximal humerus coordinate system (CS2:PHCS).

Once the *in situ* kinematic tests were completed, the joint capsule was removed and the anatomic data for the glenoid and the humerus were collected. This is a critical step to obtain morphological data for the calculation of anatomically based glenohumeral joint kinematics because when testing a shoulder specimen with an intact capsule, the intra-capsular anatomical landmarks cannot be digitized directly. Based on these anatomic data, two intra-capsular CSs and one extra-capsular CS were defined: the glenoid coordinate system (CS3:GCS), the humeral head coordinate system (CS4:HHCS), and the humeral shaft coordinate system (CS5:HSCS).

The glenohumeral kinematic path was calculated using spatial relationships among the intra-capsular and extra-capsular CSs. Because these bony structures are rigid, there is a constant spatial relationship between the CSs. The kinematic data of each humeral anatomic landmark were calculated at each degree of humeral rotation using this constant spatial relationship.

Specimens {#Sec4}
---------

Six macroscopically intact fresh frozen cadaveric shoulders from six donors (four rights, two lefts, five females, one male, average age: 78.3 years, range 49--97) were used. Soft tissues except the glenohumeral joint capsule were carefully dissected from the scapula and the humerus.

The scapula was fixed and potted in a rectangular box with plaster of Paris (DAP Products Inc., Baltimore, MD, USA). To position the scapula reproducibly a method was devised to align the glenoid with the rectangular box along the superoinferior (SI) and anteroposterior (AP) directions using Kirschner wires (DePuy Orthopaedics Inc., Warsaw, IN, USA). The SI axis was defined from 12 to 6 o'clock on the glenoid and the AP axis was defined from 3 to 9 o'clock for right glenoids and 9 to 3 o'clock for left glenoids.

The humerus was fixed in a 45-mm diameter polyvinyl chloride (PVC) cylinder using screws and plaster of Paris. The humeral shaft was transected 200 mm distal to the deltoid tuberosity and the axis of the distal humerus was determined using an intramedullary rod based on the distal 100 mm of humeral shaft. The longitudinal axial center line of the PVC pipe was matched to the centerline of the humerus.[@CR13],[@CR17],[@CR19],[@CR26]--[@CR28]

Shoulder Testing System {#Sec5}
-----------------------

Biomechanical testing of each shoulder was performed at 60° of glenohumeral abduction in the scapular plane using a custom shoulder testing system (Fig. [2](#Fig2){ref-type="fig"}). The system permits six degree-of-freedom for positioning of the glenohumeral joint.[@CR7],[@CR11],[@CR12],[@CR18],[@CR20],[@CR28] The humeral rotational range of motion was measured using a physical goniometer placed at the distal end of the humerus. This goniometer was inscribed with 1° increments, making the precision of the measurement 0.5°. The glenohumeral joint kinematics was determined by digitizing anatomic landmarks with a 3D digitizing system, the MicroScribe 3DLX (Revware Inc., Raleigh, NC, USA). The accuracy and repeatability of the MicroScribe 3DLX are 0.3 and 0.2 mm, respectively.[@CR17]FIGURE 2Custom shoulder testing system

External and Internal Humeral Rotations {#Sec6}
---------------------------------------

The axial rotation of the humerus was measured by defining 90° of external rotation as the position where the bicipital groove was aligned with the anterior edge of the acromion.[@CR10],[@CR21] The neutral humeral rotation position (0° of rotation) was then determined as 90° of internal rotation from the established 90° of external rotation position.[@CR13] Twenty-two Newtons of glenohumeral joint compressive force was applied perpendicular to the glenoid using a cable attached to a rotational bearing at the distal end of the humerus. The 22 N of compression has been shown to provide enough compressive force, under no muscle loading, to keep the joint located.[@CR8],[@CR19],[@CR26],[@CR27] The maximum internal and external rotation positions were determined with 2.2 Nm of torque.[@CR8],[@CR19],[@CR26],[@CR27] The positions of the humerus were recorded at maximum internal rotation and from neutral to 120° external rotation in 15° increments, followed by maximum external rotation. All specimens were kept moist throughout the experiment with normal saline.

Anatomically Based Glenohumeral Joint Kinematics {#Sec7}
------------------------------------------------

All kinematic data were referred to a baseline local CS. The baseline local CS was defined on the scapular mounting plate that represented the glenoid surface plane at the beginning of the experiment and this CS was used as a reference CS throughout the experiment.

Five additional local CSs were then defined. First, two primary extra-capsular CSs were defined in the proximal humerus and the coracoacromial complex, i.e., the coracoacromial CS and the proximal humerus CS. Second, when kinematic data collection of the extra-capsular CSs were completed, the glenohumeral joint capsule was removed, and the intra-capsular anatomical landmarks were digitized to define two intra-capsular CSs, i.e., the glenoid CS and the humeral head CS. Additionally, an extra-capsular humeral shaft CS was defined to find the direction of the humeral shaft axis (Fig. [3](#Fig3){ref-type="fig"}).FIGURE 3Schematic drawing showing the CACS and the PHCS

*In Situ* Kinematic Data of Primary Extra-Capsular CSs {#Sec8}
------------------------------------------------------

For the *in situ* data collection, extra-capsular landmarks (three on the scapula and another three on the humerus) were assigned on the exterior surfaces of the coracoacromial complex and the proximal humerus so that they could be digitized without violating the glenohumeral capsule. With these anatomic landmarks, two extra-articular CSs were defined: CS1:CACS and CS2:PHCS (Fig. [3](#Fig3){ref-type="fig"}). Kinematic data for CACS and PHCS were then collected throughout the humeral rotational range of motion at 15° increments.

Coracoacromial Coordinate System {#Sec9}
--------------------------------

The CACS was determined with three anatomic landmarks on the coracoacromial bony complex: the superolateral facet of the coracoid process (*a*1 in Fig. [3](#Fig3){ref-type="fig"}), the anterolateral acromion and posterolateral acromion (*a*2 and *a*3 in Fig. [3](#Fig3){ref-type="fig"}). The origin of the CACS was specified as the anterolateral acromion (*a*2) with the *X*-coordinate in the direction of the coracoid process. The *Y*-coordinate of the CACS was toward the posterolateral acromion (*a*2) on the plane determined by three landmarks (*a*1, *a*2, and *a*3), and the *Z*-coordinate of the CACS was defined by the right-hand rule-based determination of the Cartesian CS.

Proximal Humerus Coordinate System {#Sec10}
----------------------------------

The PHCS was determined with two anatomic landmarks along the bicipital groove (*h*1, *h*2 in Fig. [3](#Fig3){ref-type="fig"}) and a third anatomic landmark on the proximal humerus (*h*3 in Fig. [3](#Fig3){ref-type="fig"}). The third anatomic landmark was assigned toward the lateral direction to have more than 2 cm 'normal' distance from the line (h1 to h2) on the bicipital groove. The origin of the PHCS was located at the landmark h1 and the *X*-coordinate was along the bicipital groove (*h*1 to *h*2 direction in Fig. [3](#Fig3){ref-type="fig"}). The *Y*-coordinate of the PHCS was toward the third landmark (*h*3) on the plane determined by the three landmarks (*h*1, *h*2, and *h*3), and the *Z*-coordinate of the PHCS was defined by the right-hand rule-based determination of the Cartesian CS.

Intra-Capsular CSs and the Humeral Shaft CS {#Sec11}
-------------------------------------------

Once the humeral external rotation data collection was completed, the joint capsule was removed and the anatomic data for the glenoid and the humerus were collected. Thereafter, two intra-capsular and one extra-capsular CSs were defined: CS3:GCS, CS4:HHCS, and CS5:HSCS.

Glenoid Coordinate System {#Sec12}
-------------------------

The GCS was defined with points on the bony glenoid rim (Fig. [4](#Fig4){ref-type="fig"}). The determination of the GCS was executed in two stages. The preliminary CS was established on the SI axis defined by the intersection of the superior glenoid rim with the glenoid-coracoid confluence (*S* in Fig. [4](#Fig4){ref-type="fig"}), and the intersection of the inferior glenoid rim with the inferolateral margin of the scapula (*I* in Fig. [4](#Fig4){ref-type="fig"}). The initial location of the digitized points is inevitably observer-dependent; however, the SI and AP directions are determined mathematically so that the directions are reproducible. Anterior and posterior anatomic landmarks of the glenoid were defined as the anterior and posterior intersections (*A* and *P* in Fig. [4](#Fig4){ref-type="fig"}) of the bony glenoid rim with a perpendicular plane bisecting the *S*--*I* bony line. The bisecting point of the SI axis was assigned as the origin $\documentclass[12pt]{minimal}
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Humeral Head Coordinate System {#Sec13}
------------------------------

The HHCS was defined from digitized points along the articular margin of the humeral head where the articular cartilage ends (Fig. [5](#Fig5){ref-type="fig"}). The origin $\documentclass[12pt]{minimal}
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The *X*-coordinate of the HHCS was assigned as the vector $\documentclass[12pt]{minimal}
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                \begin{document}$$ \vec{O}_{4}$$\end{document}$ and the superior point of the humeral head resection surface. The *Y*-coordinate of the HHCS was then calculated as the cross product of the *Z*-coordinate and *X*-coordinate of the HHCS.

Humeral Shaft Coordinate System {#Sec14}
-------------------------------

The HSCS was determined with two PVC cylinder circumferences formed by two sets of three points (Fig. [6](#Fig6){ref-type="fig"}). The two sets of points were positioned along the cylinder circumference 10 cm from each other. A circle was defined from the first set of three points and the center calculated to define the first center point (*c*1 in Fig. [6](#Fig6){ref-type="fig"}). A circle was defined by the second set of three points on the PVC cylinder circumference and the center calculated to define the second center point (*c*2 in Fig. [6](#Fig6){ref-type="fig"}). The vector connecting the first and second center points was defined as the long axis of the proximal humerus, the *Z*-coordinate of the HSCS. The *X*-coordinate of the HSCS was determined as the vector connecting the first center point and one of the digitized points of the PVC circumference 1. The *Y*-coordinate of the HSCS was determined by the cross product of the *Z*-coordinate and *X*-coordinate of the HSCS.FIGURE 6Humeral shaft coordinate system

*In Situ* Kinematic Data of Intra-Capsular CSs {#Sec15}
----------------------------------------------

Spatial relationships among CSs were then obtained. Using the constant spatial relationship, kinematic data of the humeral head center (HHC), the humeral head apex (HHA), and the humeral shaft center (HSC) were calculated with respect to humeral rotation positions.

Humeral Points of Interest: HHC, HHA, HSC {#Sec16}
-----------------------------------------

Kinematic data of the HHC, HHA, and HSC were quantified at each humeral rotation position. The HHC was defined as the origin $\documentclass[12pt]{minimal}
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                \begin{document}$$ (\vec{O}_{4} ) $$\end{document}$ of the HHCS. The HSC was defined by intersecting the humeral shaft axis with a plane normal to the humeral shaft axis at the level of the HHC (Fig. [6](#Fig6){ref-type="fig"}). To determine HHA the points along the articular surface were digitized and the point (*α*~*f*~) furthest away from the origin of the HHCS was found (*α*~*i*~). The HHC was then projected onto the proximal humeral head articular surface along the *Z*-coordinate by the height of the furthest point (*Δh*) (Fig. [7](#Fig7){ref-type="fig"}). The mathematical expression of *Δh* is Eq. ([10](#Equ10){ref-type=""}).$$\documentclass[12pt]{minimal}
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Quantified Parameters {#Sec17}
---------------------

Quantified parameters included anatomical and geometric characteristics of the glenoid, i.e., AP and SI lengths and depths of the glenoid. In addition, humeral rotational range of motion, glenohumeral translation, and the path of the HHA, HHC, and HSC with respect to the glenoid were also determined.

Accuracy, Repeatability, and Reliability {#Sec18}
----------------------------------------

To assess reliability of the proposed landmark determination methods, accuracy, and repeatability for measuring the HHC, and intra- and inter-observer reliability for the origin of the GCS, HHC and HHA were calculated. The accuracy of measuring the HHC was measured by checking the geometric center of a sphere based on a local CS defined along the equator of the sphere. Since the location of the HHC may vary depending on the level of digitization with respect to the equator, the *X*, *Y* positions of the center of the sphere were compared to five trials of digitizing the equator of the sphere to simulate humeral head articulation digitization. The intra-observer and inter-observer reliability were determined for the origin of the GCS, HHC, and HHA by digitizing a specimen and averaging the repeatability of five trials in three dimensions. For the inter-observer reliability test, two persons participated.

Statistical Analysis {#Sec19}
--------------------

The repeatability for determination of the HHC was calculated as the standard deviation of data measured by an observer. Intra- and inter-observer reliabilities were calculated with standard deviation between inter- and intra-observer data sets. Additionally, correlation analyses were performed using multiple linear regression to assess interdependencies between anatomical parameters (AP & SI lengths or AP &SI depths) of the glenoid and the humeral translations in the AP, SI, and ML directions when rotated from maximum internal to maximum external rotation. A *p*-value of 0.05 was used to determine significance.

Results {#Sec20}
=======

Accuracy and Repeatability of the Landmark Determination {#Sec21}
--------------------------------------------------------

The accuracy and repeatability in calculation of the HHC were determined to be 0.44 and 0.41 mm, respectively. The intra-observer reliability for determining the origin of the GCS, HHC, and HHA was within 0.26, 0.29, and 0.42 mm, respectively. The inter-observer reliability for the origin of the GCS, HHC, and HHA was within 0.37, 0.30, and 1.75 mm, respectively.

Glenohumeral Joint Kinematics {#Sec22}
-----------------------------

The maximum internal and external rotations were −14.2 ± 14.1° and 145.0 ± 16.6°, respectively. As the humerus rotated from maximum internal to maximum external rotation, the HHA and HHC moved anteroinferior to anterosuperior (Fig. [8](#Fig8){ref-type="fig"}). On the contrary, the HSC moved posterosuperior to posteroinferior from maximum internal to maximum external rotation. At 45° and 60° of external rotation, the locations of the HHC and HHA were very close to the glenoid center on the AP--SI plane of the GCS (Fig. [8](#Fig8){ref-type="fig"}).FIGURE 8Paths of the HHA, the HHC, the HSC on the lateral view of the glenoid. The standard deviations for AP and SI coordinates are not shown here

In the medial--lateral direction, the locations of the HHA and HHC were closest to the glenoid center at 45° and 60° of external rotation (Fig. [9](#Fig9){ref-type="fig"}). At maximum external rotation, the locations of the HHA and HHC were furthest away (lateral direction) from the glenoid center (laterally 9.0 and 18.8 mm for the HHA and HHC, respectively). The location of the HSC was 19.8 and 18.5 mm lateral in the maximum internal rotation and maximum external rotation positions, respectively. In the medial--lateral direction, the paths of the HHA and HHC were different from that of the HSC during external humeral rotation. The HHA and the HHC moved medial toward the glenoid surface 5.3 and 4.2 mm, respectively, from maximum internal rotation to 45° to 60° of external rotation, and then returned (Fig. [9](#Fig9){ref-type="fig"}). On the contrary, the HSC moved slightly lateral, and then returned medial from maximum internal to maximum external rotation.FIGURE 9Paths of the HHA, the HHC, and the HSC on the posterior view of the glenoid. The standard deviations for AP and SI coordinates are not shown

Maximum translations of each anatomic landmark of the humerus were calculated as the difference between the maximum and the minimum values throughout the full range of humeral rotation (Table [1](#Tab1){ref-type="table"}). For both the AP and SI directions, the maximum translation of the HHC was smaller than that of the HHA or HSC (*p* = 0.04). In the medial--lateral direction, the translation of the HSC was smaller than that of the HHC and HHA.Table 1Anatomic dimensions of the glenoid and the maximum humeral translation in each direction when rotating the humerus from maximum internal to maximum external axial rotationSpec\#Glenoid dimension (mm)Maximum translation of HHA (mm)Maximum translation of HHC (mm)Maximum translation of HSC (mm)AP lengthSI lengthAP depthSI depthAPSIMLAPSIMLAPSIML123.029.30.83.131.717.14.516.69.62.825.08.30.8220.628.00.13.818.111.88.712.36.24.59.27.75.6319.928.31.53.627.311.99.011.14.94.726.113.87.8417.326.10.52.823.317.65.17.97.32.330.212.84.2518.328.30.62.224.112.06.010.73.92.633.08.71.9623.932.02.04.126.210.68.026.210.620.418.213.55.4Avg.20.528.70.93.325.113.56.914.17.16.223.610.84.3STD2.62.00.70.74.53.01.96.62.67.08.72.82.6*Note*: Spec\#, Avg., and STD represents specimen number, average, and standard deviation, respectively. AP, anterior(+)/posterior(−); SI, superior(+)/inferior(−); *LM*, lateral(+)/medial(−)

Correlation Between Anatomical Dimensions and Humeral Translations {#Sec23}
------------------------------------------------------------------

There was a significant correlation between the AP length of the glenoid and the maximum AP translation of the HHC (*R* = 0.9, *p* = 0.014). The ratio of the smaller AP depth with respect to the SI depth of the glenoid (27.3 ± 16.5%) was significantly correlated to the ratio of the maximum AP/SI HHA translation ratio (191.4 ± 43.8%, *R* = 0.896, *p* = 0.02), while not significantly for HHC (55.0 ± 21.9%, *R* = 0.324, *p* = 0.53) and for HSC (184.0 ± 118.4% *R* = 0.442, *p* = 0.38).

Discussion {#Sec24}
==========

This study provides a robust method for quantifying detailed anatomically relevant and specimen-specific glenohumeral joint kinematics. The current ISB recommendation, while highly effective for studying *in vivo* shoulder kinematics, does not provide an anatomically detailed protocol for defining a glenoid CS.

One of the differences between the ISB recommendation and the proposed method is that only the middle and the proximal humerus is required for the current method. The ISB recommendation defines the humeral CS using the glenohumeral rotation center, medial and lateral epicondyles. The glenohumeral rotation center is estimated by regression of continuous instantaneous intersections of the humeral shaft axis. In contrast, in our study, the humeral CS is with the anatomical HHC and the axis of the proximal humeral diaphysis.

The external rotation and abduction of the humerus as defined by the ISB recommendation are based on the sum of the scapulothoracic and glenohumeral kinematics.[@CR6],[@CR14],[@CR25] In cadaveric studies glenohumeral kinematics are commonly investigated due to its large rotational movement relative to that of the scapulothorax. This study provides a glenohumeral kinematic protocol that enables the assessment of asymmetric glenohumeral kinematic features, since anatomic landmarks, anatomical directions, and CSs are determined by precise and reproducible methods.

The proposed anatomically based protocol provides a specimen-specific method for quantifying asymmetric kinematics of the glenohumeral joint. Previous glenohumeral joint kinematic studies have used the assumption of a sphere in representing the humeral head or both the humeral head and glenoid[@CR5],[@CR16] which was later contradicted by Iannotti *et al.*[@CR9] In particular, Iannotti *et al.* reported that the ratio of the SI length-to-AP length of the glenoid was 1.3, and the SI depth of the glenoid was 2.6 times the AP depth, so the humeral head is oval rather than spherical.[@CR9] In this study, the ratio of the smaller AP depth with respect to the SI depth of the glenoid was significantly correlated to the ratio of the maximum AP/SI HHA translation ratio. The current protocol maps the anatomic landmarks of the humerus to the glenoid CS. During axial rotation of the humerus, the HHC moved the least in any direction.[@CR22][@CR23] Buchler *et al.*[@CR4] also reported similarily that the glenohumeral contact region remained near the center of the glenoid fossa for normal shoulders.

To minimize irreproducibility arising from discrepancy in initial specimen position and inter-observer or intra-observer error in determining CSs, several protocols for reproducible positioning were employed. Since the locations of digitized points are somewhat user-dependent, mathematical treatments are required to reproducibly determine anatomical landmarks among different observers or trials. Among the mathematical treatments proposed in the current glenohumeral kinematic protocol, the most important ones are related to the glenoid and humerus: the bottom of the glenoid as the projection of the origin of the pre-GCS to the SI line of the glenoid surface, the HSC line as the line connecting mathematically determined centers of two perimeters of the PVC pipe, and the HHC as the center of mass of the humeral neck plane.

This study has limitations which may influence the calculations of glenohumeral kinematics. The glenohumeral joint was left intact but muscle loading was not used. Instead, glenohumeral joint compression of 22 N was used to stabilize the joint during articulation.[@CR21] If muscle loading was applied the glenohumeral translation with humeral rotation would have been less. Another potential limitation of the application of this method in this particular study was the lack of scapulohumeral motion. However, since both the scapula and humerus CSs are defined this method could be used in the presence of scapulohumeral motion. While the extracapsular landmarks are somewhat still conceptual they do not affect the output of the anatomically based glenohumeral kinematics. The coracoacromial CS and the proximal humerus CS are used as initial reference CS for the secondary CSs that are defined after capsular resection and geometry digitization. The spatial relationships between the primary reference CSs and intracapsular CSs, or the humeral shaft CS are assessed by rigid bone assumption. The precise location of the primary CSs is not crucial to the data output, which is defined solely by the secondary CSs.

This study defines reproducible CSs for glenohumeral kinematic studies based on bony landmarks rather than on musculoskeletal kinematic data. In addition, it should be recognized that all five CSs are not necessary to be used at all times and that the extra-capsular CSs are used to determine the intra-capsular landmark kinematics without violating the capsule. Each investigator can choose to use pertinent coordinates for a specific pathology to be studied. This study provides a repeatable glenohumeral kinematic protocol that enables the assessment of asymmetric glenohumeral kinematics, since anatomic landmarks, anatomical directions, and CSs are determined by precise and reproducible methods.
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